Background: Multiecho gradient-echo Cartesian MRI characterizes placental oxygenation by quantifying R
infant and maternal morbidity and mortality, 4 development of accurate methods to predict or detect IPD early in pregnancy would be of great importance to enable prevention strategies and improve outcomes. 2 There are noninvasive methods for assessing placental complications, such as uterine artery (UA) Doppler 2 ; however, UA Doppler has low sensitivity for the detection of IPD, 2, 7 particularly during early gestation and for low-risk pregnancies. 2, 8 Furthermore, UA Doppler has interoperator dependencies resulting in interoperator bias. 2 A promising noninvasive alternative for detecting IPD conditions is magnetic resonance imaging (MRI). MRI can be used to characterize oxygenation in the placenta through quantification of the transverse relaxation rate (R * 2 = 1=T * 2 ).
9-12 R * 2 is known to increase due to local field inhomogeneities caused by deoxyhemoglobin, the form of hemoglobin without oxygen. Thus, R * 2 is higher (or T * 2 is lower) in hypoxic tissues than in normoxic tissues. [9] [10] [11] [12] Despite the potential of MRI as a diagnostic tool to detect IPD via R * 2 mapping, there is limited understanding of the range of placental R * 2 across gestational age (GA), within the structure of the placenta, and among normal and abnormal pregnancies.
Previous investigations of R * 2 or T * 2 mapping in the placenta have been performed typically at later GAs from 20-40 weeks using a 2D breath-hold (BH) Cartesian R * 2 mapping technique [9] [10] [11] ; with only one very recent study including earlier GAs of 16-40 weeks. 12 If IPD is detected at later GA, intervention may not be possible or may have limited effectiveness. 2 In addition, most investigations of R * 2 or T * 2 mapping in the placenta were performed using 1.5T MRI. [9] [10] [11] [12] Some of these studies showed a significant decrease in nominal placental T * 2 as GA increased 9, 10, 12 but in one study quantifying R * 2 , this trend was not significant. 11 Compared to 1.5T, 3T MRI may provide higher sensitivity to changes in R * 2 for detecting IPD. However, to date there have been limited studies reporting placental R * 2 at 3T. 13 Therefore, additional studies are needed to determine the range of placental R * 2 for normal and abnormal pregnancies due to IPD at 3T. There is evidence of differences in the proportion of abnormal outcomes between anterior and posterior placenta implantation positions. Previous research has shown a higher prevalence of IUGR and placental abruption for anterior placentas compared to posterior placentas. 14 For this reason, R * 2 characteristics for normal and abnormal pregnancies may differ depending on placenta implantation position. Currently, there is no research reporting the normal or abnormal R * 2 separately for anterior versus posterior placentas.
Together with expanding the knowledge of placental R * 2 , further work is needed to overcome the technical challenges involved in R * 2 mapping in the placenta. In particular, MRI of the placenta can be complicated by both maternal and fetal motion 11, 12, 15, 16 and the irregular position and shape of the placenta between subjects. A major limitation of previous studies is that they used conventional MRI R * 2 mapping techniques based on 2D Cartesian sampling, which is sensitive to motion-induced coherent aliasing artifacts. To reduce motion artifacts, scans are acquired during a BH to obtain a single slice. [9] [10] [11] [12] However, in pregnant patients involuntary motion can occur during the scan, such as uterine contractions and fetal motion. 11, 12, 15, 16 In addition, a BH may not be possible for all patients, such as sick or mentally impaired patients. Even for patients who can perform a BH, requiring a BH may reduce patient comfort during the scan. Due to the limited acquisition time available during a BH (typically 10-20 sec), the spatial coverage, spatial resolution, and image signal-to-noise ratio (SNR) may be reduced. Finally, placentas can have a range of implantation locations and geometry. Therefore, a free-breathing (FB) 3D technique may allow for improved detection of hypoxia throughout the placenta. Non-Cartesian trajectories, such as 3D stack-of-radial trajectories, have inherent robustness to motion, [17] [18] [19] potentially allowing for FB R * 2 mapping throughout the entire placenta. 13 There have been a few studies performing R * 2 mapping using stack-of-radial trajectories in the liver. [20] [21] [22] [23] [24] Improved image quality using an FB stack-of-radial technique was previously observed for hepatic R * 2 mapping compared to conventional BH Cartesian techniques in a population who could not perform a BH. 22 One challenge to utilizing nonCartesian stack-of-radial sampling is its sensitivity to gradient errors. 25 To overcome this, an FB 3D stack-of-radial technique with gradient error calibration and correction was recently developed for abdominal imaging. 19 In this study we propose to evaluate the accuracy and repeatability of an FB radial technique for quantitative R * 2 mapping of the placenta in healthy pregnant subjects and abnormal pregnancies due to IPD at early gestation and report R * 2 mapping findings at 3T.
Materials and Methods

In Vivo Placenta Study Population
In this Institutional Review Board (IRB)-approved study, 33 pregnant subjects were recruited and informed consent was obtained. Inclusion criteria were: 18 years of age or older, planning to deliver at a hospital at our institution, carrying a viable pregnancy, not carrying a multifetal gestation pregnancy, absence of known fetal chromosomal or structural abnormalities, no contraindications to MRI, ability to provide consent, and availability for MRI scans during early gestation at two timepoints: 1) between 14-18 weeks and 2) between 19-24 weeks GA. A summary of the study population's clinical characteristics is shown in Table 1 . Pregnancies were classified as abnormal due to IPD if a subject displayed at least one of three IPD conditions (preeclampsia, placental abruption, or IUGR) at delivery (ie, IPD subjects). IUGR was defined as birth weight <10 th percentile. All other subjects were analyzed as subjects with normal pregnancies (ie, normal subjects). The normal subjects were also divided into subjects with anterior placenta implantation positions (ie, anterior placenta) and posterior placenta implantation positions (ie, posterior placenta) for a separate analysis. After delivery, 30 subjects were classified as normal subjects, while three subjects were classified as abnormal subjects with IPD. One IPD subject was diagnosed with preeclampsia with severe features and two IPD subjects presented with IUGR. Baseline R * 2 characteristics were calculated separately for normal subjects (all, anterior placenta, posterior placenta) and IPD subjects. Of the normal subjects, 15 subjects had anteriorly implanted placentas, while 15 had posteriorly implanted placentas. All of the IPD subjects had anteriorly implanted placentas.
We used a previously developed multiecho gradient-echo sequence based on the golden-angle-ordered 3D stack-of-radial trajectory (FB radial) 19, 26 to obtain images and R * 2 maps. Gradient calibration and correction was performed. 19 To reduce the scan time to 3 minutes, all FB radial scans were acquired with 2-fold undersampling, as determined by the Nyquist criteria (ie, number of spokes for fully-sampled data = number of readout points × π/2). Previous work determined that the R The phantom was scanned in the axial orientation using the proposed radial MRI sequence and a commercially available standard multiecho gradient-echo 3D Cartesian MRI sequence (qDixon, the Liver Lab, Siemens, Erlangen, Germany) to evaluate radial R * 2 mapping accuracy. A 12-echo protocol was used for both sequences with imaging parameters matched as much as possible to enable a fair comparison ( Table 2 ). The radial sequence was repeated back-toback in the same session to assess repeatability (scan 1 and scan 2). A region of interest (ROI) was drawn in each test tube to compare R * 2 mapping results between radial and Cartesian sequences.
In Vivo Placenta MRI Experiments
In vivo placenta scans were acquired feet-first supine in each subject with one MRI exam during the time frame of 14-18 weeks GA and then another MRI exam during the time frame of 19-23 weeks GA. Each MRI exam consisted of the axial FB radial sequence 19 and a commercially available axial T 2 HASTE 27 sequence. Each FB radial scan was acquired with 2-fold undersampling and was repeated back-to-back in the same session to evaluate repeatability (scan 1 and scan 2). Representative imaging parameters for FB radial (3D) and T 2 HASTE scans (2D multislice) are shown in Table 2 .
Reconstruction and R
* 2 Mapping
Radial MRI reconstruction and signal model fitting were performed offline in MatLab R2016b (MathWorks, Natick, MA) using gradient correction, 19 3D gridding, a linear density compensation function, and adaptive coil combination. 28 R * 2 was calculated using a graph cut algorithm [29] [30] [31] by fitting the multiple echo time images to a gradient-echo signal model 19, 32, 33 with a seven-peak fat spectrum 34 and a single effective R * 2 per voxel. 29 Cartesian multiecho images were reconstructed offline in MatLab and R * 2 mapping was performed using the same signal model and fitting algorithm that were used for the radial images. T 2 HASTE images were reconstructed by the scanner software.
In Vivo Placenta Image Analysis T 2 HASTE and FB radial images were converted to DICOM to be viewed and analyzed in OsiriX 6.0 (Pixmeo Sarl, Bernex, Switzerland). Axial T 2 HASTE images were registered to FB radial images using Advanced Normalization Tools (ANTs) software. [35] [36] [37] The
ANTs registration was performed using 3D nonrigid registration with a mutual information metric used for template matching. Due to low placenta contrast on FB radial images, ROIs were delineated to contour the placenta on registered T 2 HASTE images for all slices. These ROIs were then applied to FB radial images and R * 2
maps. An experienced abdominal radiologist (R.M., with 10 years of experience) and an experienced maternal fetal medicine specialist (C.J., with 20 years of experience), both masked to the pregnancy outcome, confirmed the ROI placement on the images and made adjustments if required. The confirmed ROIs were then used to measure the R 
Statistical Analysis
P < 0.05 was considered significant for all statistical analyses. For the phantom experiments, linear correlation and Bland-Altman analyses 38 were performed between radial R . All correlation coefficients were tested for statistical significance. To assess repeatability for the radial technique, the within-technique mean difference (MD within ), absolute The acquisitions were obtained in the axial orientation. A slice oversampling factor of 9.1% was used for all radial acquisitions for the in vivo placenta experiments and a slice oversampling factor of 20% was used for Cartesian and radial acquisitions for the R * 2 phantom experiments. a Radial acquisitions were two-fold undersampled based on the Nyquist criteria (ie, Number of Radial Spokes = N x × π/2 × 1/2).
within-technique mean difference (MD abs ), within-technique standard deviation (SD within ), and coefficient of repeatability (CR) were reported between scan 1 and scan 2. 40, 41 Only normal subjects were used to determine baseline R Previous research has shown a significantly higher prevalence of IUGR and placental abruption for anterior placentas compared to posterior placentas.
14 Therefore, baseline R * 2 characteristics were reported for all subjects analyzed together and then separately for two groups (anterior placentas vs. posterior placentas). Statistical tests were performed to evaluate differences in mean R * 2 between 14-18 weeks GA and 19-23 weeks GA, or between anterior and posterior placentas, using nonparametric Wilcoxon Signed-Rank and Wilcoxon Rank-Sum tests for dependent and independent two-sample data, respectively. The baseline intersubject R * 2 standard deviation was tested for significant differences using Pittman's test for equality of variances and a two-sample F-test for dependent and independent data, respectively.
For each individual IPD subject, the mean R * 2 , ΔR * 2 , and CV were reported. Using these values, the corresponding Z-score (Z) with respect to the normal subjects was calculated as the estimate (X) minus the population mean (μ) divided by the population standard deviation (σ) (ie, Z = X −μ σ ), similar to previous work. 9 The corresponding probability (P) of observing each Z-score was reported.
Results
Accuracy and Repeatability of FB Radial R * 2
Mapping
Results from the phantom study found that R * 2 measured by Cartesian and radial sequences (scan 1 and scan 2) were consistent (Fig. 2a,b) . Linear correlation analysis demonstrated a significant correlation between radial R * 2 (scan 1) and Cartesian R * 2 (ρ = 0.996, P < 0.001; ρ c = 0.996, P < 0.001), and between radial R * 2 (scan 2) and Cartesian R * 2 (ρ = 0.998, P < 0.001; ρ c = 0.998, P < 0.001) (Fig. 2c) (Fig. 2d) . The proposed radial technique demonstrated R ). This was due to two outliers from scans in subjects with posterior placentas during 19-23 weeks GA (see Discussion). A summary of the in vivo placental R * 2 mapping repeatability results is shown in Table 3 .
In Vivo Placenta Study: Baseline R * 2 Characteristics In vivo placental R * 2 maps were successfully obtained from normal subjects (example in Fig. 3 ) and IPD subjects (example in Fig. 4) with the FB radial technique during early gestation at 3T. FB radial achieved full volumetric coverage of the placenta in 3 minutes for all subjects at both timepoints, except for one normal subject at the second GA timepoint. This subject had a placenta that extended for more than 176 mm along the superior-inferior direction. Using the same parameters for FB radial as all other subjects ( , respectively (P = 0.507), both of which were similar to the mean R Table 4 . The FB radial technique was able to utilize full-volume placental R * 2 maps to calculate the spatial R * 2 variation (CV) and temporal R * 2 variation (ΔR * 2 ). The mean R * 2 and CV were plotted as a function of the GA for all pregnant subjects (Fig. 5) . For temporal R (0.488 ± 0.076) (P = 0.010). For posterior placentas, CV was not significantly different between 14-18 weeks GA and 19-23 weeks GA (P = 0.804). For 14-18 weeks GA, CV was not significantly different between anterior and posterior placentas (P = 0.097). On the other hand, for 19-23 weeks, CV was significantly lower for anterior placentas (0.488 ± 0.076) compared to posterior placentas (0.666 ± 0.106) (P < 0.001). A summary of the baseline ΔR * 2 and CV results is shown in Table 4 .
In Vivo Placenta Study: IPD Subjects
In three IPD subjects, we measured mean R * 2 , ΔR * 2 , and CV using FB radial during early gestation at 3T MRI (Table 5) . For the two IPD subjects with IUGR, mean R * 2 , ΔR * 2 , and CV were similar to baseline values determined in normal subjects. For the IPD subject with preeclampsia, mean R * 2 was substantially lower than normal subjects with anterior placentas during 14-18 weeks GA (Z = -2,17,P = 0.030) and during 19-23 weeks GA (Z = -2.62,P = 0.009). Representative axial, coronal reformatted, and sagittal reformatted images of this subject with preeclampsia are shown in Fig. 4 . In this subject, variations in R * 2 between the center and the periphery of the placenta along the superior-inferior direction and hot spots with elevated R * 2 were observed.
Discussion
In this study, FB 3D stack-of-radial R * 2 mapping was performed for the full placental volume in pregnant subjects With regard to mean R * 2 and ΔR * 2 at both GA timepoints, significant differences between anterior and posterior placentas were not observed. Significant differences in the spatial CV of R * 2 were observed between 14-18 weeks GA and 19-23 weeks GA, for all subjects and specifically for anterior placentas. For 19-23 weeks GA, significant differences in CV were observed between anterior and posterior placentas. These observations may be due to biological differences in the vasculature between anterior and posterior placentas. However, another factor to consider is that all subjects were scanned feet-first supine in this study, which might also contribute to these observed differences between anterior and posterior placentas. Further work beyond this study may be required to investigate potential differences between anterior and posterior placentas.
This study investigated earlier GA, while previous studies investigated later GA and a wider GA range. [9] [10] [11] [12] In some previous studies, a negative correlation between placental T * 2
and GA was observed 9, 12 and in one study no significant change in R * 2 as a function of GA was observed. 11 However, the R * 2 behavior at early gestation and 3T has not been established. Earlier GA may have larger intersubject R * 2 variation compared to later GA due to variations in structural changes in the placenta during early gestation. Therefore, it is not clear that a linear relationship should hold between R * 2 and GA during early gestation. Future work includes performing more MRI exams per subject with a larger range of GA to study the behavior of R * 2 as a function of GA. MRI R * 2 (or T * 2 ) mapping may have the potential for detecting IPD. One previous study found significantly higher placental T * 2 for normal pregnancies versus IUGR pregnancies. 12 Another study showed an improvement in the receiver operating characteristic curve using T * 2 mapping for the detection of IUGR, compared to the uterine artery pulsatility index. 10 Based on these studies, we expected a higher R * 2 to be associated with hypoxia, but in one preeclampsia subject whom we studied, a lower mean placental R * 2 compared to normal subjects was observed. Using the FB radial technique to inspect the 3D R The within-technique mean difference (MD within ), absolute within-technique mean difference (MD abs ), within-technique standard deviation (SD within ), and coefficient of repeatability (CR) for placental R * 2 measured by two back-to-back scans were calculated for all normal subjects (N = 30) and again for the subjects separated into anterior (N = 15) versus posterior (N = 15) placenta implantation positions. The analysis was performed for each gestational age (GA) range. a Includes two severe outliers during free-breathing radial MRI scan 2 (see Discussion). By removing these outliers, the CR for 19 −23 weeks was 4.20 s −1 (all subjects) and 3.85 s −1 (posterior placenta).
behavior of placental R * 2 at early gestation in normal and IPD pregnancies, further investigation with additional IPD subjects is needed to determine the relationship between R * 2 characteristics and IPD.
Repeatability analysis of FB radial R * 2 mapping at 3T showed better repeatability for all subjects at 14-18 weeks GA (CR 3 s ). In the 19-23 weeks GA range, better repeatability was observed for anterior (CR 5 s ). This was due to two severe outliers, defined as being larger than the 3 rd quartile by at least 3× the interquartile range of the mean differences, 42 which were from posterior placentas at 19-23 weeks GA. For these outliers, FB radial scan 1 and scan 2 showed R * 2 differences of 7 s −1 and 13 s . Using the FB radial selfnavigation signal, 15 we found that these two outliers experienced substantial motion during FB radial scan 2 of 9 mm due to uterine contractions and 23 mm due to bulk patient motion, respectively. These levels of motion were substantially higher than in the other subjects (mean motion = 1.15 mm ± 1.42 mm, range of motion = 0 mm-8 mm). Since these outliers only occurred during scan 2 and these scans could not be repeated due to scan time constraints, only scan 1 was used to determine mean R , respectively. To overcome these high levels of motion and improve R * 2 mapping, FB radial can be extended to compensate for motion using self-navigation information. 15, 43, 44 This will be a topic of future work.
MRI has not been associated with any negative effects on maternal and fetal health, but the benefits versus risks should be carefully considered before referring pregnant women to MRI. As a general guideline, MRI is typically only performed in medically indicated cases where the benefits outweigh the risks of MRI. The main safety considerations for fetal imaging are the loud noise and biological effects due to time-varying magnetic fields and the specific absorption rate that can cause heating in the subject due to the radiofrequency fields. 45 Studies in pregnant women and infants have shown no significant biological effects or adverse events after undergoing MRI. 45, 46 To reduce the safety risk due to noise in our study, the total MRI acquisition time was limited to 30 minutes. Furthermore, the FB radial technique used a low flip angle of 5 to limit the specific absorption rate to the subject. For our FB radial technique, the whole-body specific absorption rate was 0.08 W/kg and the B 1+rms was 0.4 μT. Our study demonstrates the potential of FB radial 3D R * 2 mapping in the placenta, but there are limitations to consider. First, there was reduced placenta contrast on T 1 -weighted gradient-echo images compared to T 2 -weighted images. Therefore, registration was performed prior to contouring the placenta; however, there may be some errors in the registration. To correct for these errors, ROIs were placed on FB radial images and R * 2 maps and then were adjusted by an experienced radiologist and an experienced maternal fetal medicine specialist, masked to the pregnancy outcomes. Second, for the in vivo placenta MRI experiments, a reference BH Cartesian scan was not performed for comparison. Due to scan time and comfort considerations for the pregnant subjects, performing a reference BH Cartesian scan during our study was not practical. Therefore, we performed phantom experiments to evaluate the accuracy of FB radial R * 2 mapping with respect to the reference Cartesian method. Third, there are some susceptibility and streaking artifacts on FB radial images and R * 2 maps. Susceptibility artifacts can cause increased R * 2 in small portions of the placenta if the placenta is oriented near air within the pelvis. To overcome this limitation, ROIs were drawn or adjusted to avoid susceptibility artifacts and this was also confirmed by the experienced radiologist and experienced maternal fetal medicine specialist. Susceptibility artifacts may be mitigated by including quantitative susceptibility mapping and using this to correct for these artifacts. 47 FB radial images and R * 2 maps may be FIGURE 4: Representative in vivo placenta images and R * 2 maps of a subject with preeclampsia at 19 + 1 weeks GA acquired using FB radial MRI at 3T. Axial, coronal, and sagittal views are shown. The placenta is delineated by a white contour. White arrows on the R affected by radial streaking artifacts due to undersampling. In this study, FB radial images were undersampled to reduce the scan time to 3 minutes. Acquiring fully-sampled data or employing non-Cartesian parallel imaging reconstruction techniques, such as ESPIRiT, 48 may improve the image quality and mitigate streaking artifacts. Fourth, this was a singlesite study with only 30 normal pregnant subjects and three IPD subjects. However, our new FB radial technique already demonstrates highly repeatable R * 2 mapping at 3T during early gestation. More subjects will be included in the future to improve our understanding of R * 2 characteristics during normal pregnancies. Finally, there were only three subjects in our pilot IPD cohort. More IPD subjects will need to be included in future work to investigate the R is reported across GA. The Z-score (Z) of each value and the probability (P) of observing that Z was determined using the population mean from all normal anterior placentas (see Table 4 ).
a The probability of observing the Z-score (P) < 0.05.
